Introduction
Molecular imaging by optical techniques plays important roles in biology and medicine owing to high spatial resolution and detection sensitivity, providing not only geometrical but also functional information of biological and medical systems [1, 2] . However, various challenges remain in this area. Photo-bleaching is a problem for most organic fluorescent dyes, preventing long-term imaging and monitoring of fluorescently labeled substances [3] . High background due to auto-fluorescence of biological tissues also presents a problem to fluorescence imaging [4] .
For in vivo imaging, the depth of tissue penetration by light is limited. The near-infrared (NIR) region from 700 nm to 1400 nm is an ideal window for optical imaging of biological systems due to the minimal tissue absorption and low auto-fluorescence in this region [5] .
Multicolor multiplexed molecular imaging is desired to simultaneously map out different species and reveal the geometrical and functional relations between different targets. Ideally, multicolor imaging of various molecular targets under a single excitation with both excitation and emissions in the narrow NIR range is desired. Although multi-color fluorescence imaging has been achieved using different fluorescent dyes or quantum dots with excitations/emissions in the visible to NIR range (400-900 nm) [6] [7] [8] , imaging multiplicity is limited in the narrow NIR window due to spectral overlay between fluorescence peaks with full-width half-maximum (FWHM) as large as 50-100 nm. Also, auto-fluorescence, although low in the NIR region, still exists and varies between species in a biological sample [4] . Complex algorithms are needed to differentiate the background for fluorescence-based imaging [7] .
Raman scattering emissions have narrow spectral features with FWHM within a few nm, allowing for increased imaging multiplicity [9] . Six or even more Raman 'colors' have been obtained by conjugating different Raman active dyes on Ag or Au nanoparticles and simultaneously imaged on the substrate [10] . Three-color non-specific Raman imaging under the skin of animals with NIR excitation and emissions has also been shown [11] . Thus far, multiplexed, multi-color (>3) targeted molecular Raman imaging of biological systems with high selectivity has not been achieved.
In recent years, carbon nanotubes have been explored in biological applications including molecular delivery [12] [13] [14] [15] [16] , sensing and detection [17, 18] , and imaging [19, 20] . SWNTs are one dimensional materials [21] with unique intrinsic optical properties such as photoluminescence in the NIR [19, 22] and strong resonant Raman signatures [23] , both of which are useful for biological detection and imaging. We have shown that SWNTs with three different C13/C12 isotope compositions exhibit shifted Raman G-band peaks, and can be used for three-color multiplexed Raman imaging of live cells [24] .
In this work, five SWNT samples with various C13/C12 ratios were synthesized, functionalized, and conjugated with different targeting ligands for specifically labeling and imaging of biological samples. Relative protein expression levels on several human cancer cell lines were analyzed. Five-color multiplexed Raman imaging was carried out for cancer cells in culture and in tumors ex vivo. We observed tumor vasculatures labeled by one SWNT color and cancer cells by other colors. Unexpectedly, we observed a drastic up-regulation of EGFR/Her1 expression on LS174T human colon cancer cells during tumor growth in nude mice (not present in vitro in cell culture). This is the first multi-color molecular Raman imaging of five different biological targets with excitation/emission in the NIR region under a single laser excitation, with essentially zero interfering background.
Results and Discussion

Five unique, target specific SWNT Raman scattering labels
Isotopically modified SWNTs were synthesized by using a mixture of C13 methane and C12 methane in chemical vapor deposition (CVD) growth of nanotubes [24, 25] . SWNT samples grown with gas phase C13 ratios of 100%, 65%, 50%, 25% and 0% exhibited Raman G-band peaks at 1529 cm -1 , 1546 cm -1 , 1559 cm -1 , 1575 cm -1 and 1590 cm -1 , which were defined as Color 1, Color 2, Color 3, Color 4 and Color 5, respectively (Fig. 1) . As grown SWNTs were purified as reported earlier [25] . Phospholipid-polyethylene glycol-amine (PL-PEG5000-Amine) was used to functionalize SWNTs and afford water soluble SWNTs (length 50~300 nm) after centrifugation to remove large bundles and filtration to remove excess surfactant [24, [26] [27] [28] . Fig. S1, S5 ). The G peak intensities of C13 and C12 SWNTs at each location were then integrated and used to construct two-color Raman images (Fig. 2a) (Fig. 2a) .
Since the SWNT concentrations used in the staining solution were far beyond the saturation levels under our experimental conditions (Electronic Supplementary Material Fig S3) , each cell surface receptor should have bound an antibody-conjugated nanotube, and because the Raman intensity of SWNTs is linearly dependent on the SWNT concentration, the averaged Raman 
Five-color multiplexed molecular Raman imaging of cells in vitro is thus achieved by SWNT
Raman labels.
Molecular imaging of ex vivo tumor slices via five-plexed SWNT Raman labels
To explore the utility of multi-color SWNT Raman tags for probing samples with high biological and medical relevance, we used the five-plexed SWNTs for ex vivo tumor staining and Raman imaging, aimed at detecting multiple species related to cancer in a single experiment, and resolving the locations and spatial relations of various molecular targets in the tumor. Nude mice bearing LS174T human color cancer tumors were sacrificed 15 days after tumor inoculation. The collected tumors were frozen-sliced into 5 µm thick tumor slices and stained with the five-color, five-plexed SWNT mixture (see Method). Raman spectroscopic mapping of the slices was then preformed at both high resolution over a small area and low resolution over the entire slice ( Fig.4b and c, respectively), yielding multi-color Raman images of protein expression. As expected from the in vitro cell imaging results (Fig. 3 ), cancer cells in LS174T tumor slices showed a high level of CEA expression (Fig. 4 , blue color). Tumor vessel-like structures were positively stained by Color5-RGD conjugates, indicating high integrin expression on the tumor vasculature, most likely the integrin α v β 3 [30, 31] (Fig. 4, red color) . It is well known that integrin α v β 3 receptor regulates tumor angiogenesis and is over-expressed on various tumor vasculature endothelial cells in vivo [32, 33] .
Interestingly, we found that EGFR/Her1 surface receptor, which had low expression in vitro on LS174T cells [34, 35] , was highly up-regulated in vivo in the xenograft tumor probed 15 days post inoculation, and was clearly stained by Color1-anti EGFR/Her1 (Fig. 4) . The high degree of overlay of Color1 (yellow, EGFR/Her1) and Color3 (blue, CEA) in the Raman images ( Similar observations have been made for low levels of Her2 in the same tumor model [36] .
However, no prior imaging result exists to show the spatial relations of CEA and EGFR expression in this xenograft tumor model. Our finding suggests that the expression profile of 9 cancer cell receptors could change from cell culture to tumor growth in vivo. The over-expressions of EGFR and Her2, which play important roles in the process of cancer cell proliferation, is associated with many types of cancers and has become one of the most important targets in cancer therapy [37] . Our observation suggests the importance of in vivo and ex vivo probing and evaluation of EGFR for both diagnostic and targeted treatment proposes. It also highlights the usefulness of multiplexed imaging to probes multiple targets with high efficiency and spatial resolutions to glean valuable insights into the complexities of molecular pathways and networks in tumors.
Conclusion
Five-color multiplexed imaging in the narrow NIR window has not been achieved by fluorescence imaging using either organic dyes or quantum dots owing to the wide fluorescence spectra relative to the narrow NIR window. In our Raman imaging, excitation (785 nm) and scattered photons (892 nm-897 nm) are all in the narrow NIR window with low tissue absorption and auto-fluorescence background (Electronic Supplementary Information, Fig S5) . SWNTs have a single, narrow Raman G-band peak with FWHM < 2 nm, allowing for high degrees of varies in space over biological samples [4, 7] . Also important is that nanotube Raman signals exhibit no quenching or bleaching under a wide range of imaging conditions [38] .
The sharp single G-peak feature in the SWNT Raman spectrum enables us to easily distinguish SWNT Raman signals from the low and slow varying auto-fluorescence background, allowing for 'background free' optical imaging with high imaging and detection sensitivities (Electronic Supplementary Material Fig. S1 ). On the other hand, the Raman spectral acquisition times reported in this manuscript are substantially longer than those used in confocal fluorescence microscopy, which represents a practical limitation of the approach. Promising non-linear Raman measurement techniques [39] have recently been reported which may potentially reduce acquisition times and improve the utility of multiplexed SWNT Raman labels.
Besides utilizing the isotope-dependent Raman G peak shift, the SWNT radial breathing mode (RBM) peak position exhibits a systematic diameter dependence [23] . Even more Raman colors could be achieved for chirality/diameter separated SWNTs [40] . Taken together, SWNTs are promising high performance NIR Raman tags for multi-color multiplexed optical imaging and detection in vitro, ex vivo and potentially in vivo.
Methods
Synthesis of isotopically modified SWNTs
The synthesis of isotopically modified SWNTs was preformed on a silica support Fe-Ru bimetallic catalyst using CH 4 chemical vapor deposition (CVD) growth following our previously reported protocol at 850 o C [25] . To control isotope compositions of SWNTs, C12 CH 4 gas and C13 CH 4 gas (99% pure) were mixed at desired ratios by flow controllers during SWNT growth.
The as-grown product was etched in 15% HF solution in water (75%) and ethanol (10%) overnight at room temperature to remove the silica support. The purified SWNTs were then washed thoroughly with ethanol and water to neutral pH and stored for further use. Note that pure C12 Fe-Ru SWNTs were used in cell incubation and imaging ( Fig. 2 & 3) while Hipco SWNTs (pure C12) from Carbon Nanotechnology Inc were used as color 5 (Color5-RGD) in tumor slice staining and imaging (Fig. 4) .
Functionalization and bioconjugation
Functionalization and bioconjugation of SWNTs have been well established in our previous
reports [14, 19, 27, 28] . DSPE-PEG5000-NH 2 (NOF cooperation) at a concentration of 1 mg/ml was sonicated with SWNTs from above in water for 1 h. Water bath was changed every 20 minutes to avoid over-heating. The nanotube suspension was then centrifuged at 24,000g for 6 h to remove aggregates and metal catalysts and collect the supernatant. Excess DSPE-PEG5000-NH 2 was removed by filtration through 100 kDa MWCO ultracentifugal filter devices (Millipore Amicon Ultra) prior to conjugation to antibody or peptide.
Erbitux (anti-Her1), Rituxan (anti-CD20) and Herceptin (anti-Her2) were gifts from Drs.
Dean Felsher and Sanjiv Gambhir (Stanford University Medical Center, Stanford, CA, USA).
Polyclonal goat anti-CEA antibody was purchased from Biospacific Inc (Emeryville, CA, USA). The final concentration of each color of SWNT (average length ~150 nm) [41] in the incubation solution was 10 nM. Cells were washed with PBS three times before Raman imaging.
Raman imaging
Confocal Raman spectroscopic imaging was carried out using a Horiba-Jobin-Yvon Raman confocal microscope with a 785 nm laser (80mW) as the excitation light source. A drop of cell suspension was sealed between two thin plastic cover-slides for imaging. A 50× objective was used with ~1 µm laser spot size. A 1 mm pin-pole was applied to afford a spatial resolution of ~1 µm in xyz-axis. Each Raman spectroscopic map contains at least 100 × 100 spectra with 0.5 s integration time for each spectrum. 2 µm and 1 µm step sizes were used for Raman mapping to obtain large area images (Fig. 2 , last row of Fig. 3 , and Fig. 4b ) and zoomed-in images (Fig. 3, top five rows), respectively. 40 µm steps were used for whole tissue slice mapping (Fig. 4c) .
Background subtraction
The auto-fluorescence background in the Raman spectrum of cell or tissue images was low and smooth in the range of interest from 1470 cm -1 to 1640 cm -1 , which is the Raman G-band region of SWNTs. We simply subtracted a line from 1470 cm -1 to 1640 cm -1 as to remove the smooth background at each pixel (Fig. S1 ), producing essentially background free spectra used for Raman image construction and data analysis. A typical spectrum of positively stained cells by SWNTs exhibits 1000~5000 G-band Raman counts, while the standard deviation of background noise in the spectrum of non-treated cells is 20~40. The signal to noise ratio is ~100 at each pixel.
Data analysis for two color Raman imaging
Raman spectra of Color-1 (pure C13) and Color-5 (pure C12) have little overlay between each other. Intensities of individual peaks (1510-1550 cm -1 for Color1, 1570-1610 cm -1 for Color5) were integrated independently at each pixel for constructing two-color images shown in For semi-quantitative analysis of relative protein expression levels, all spectra in each spectroscopic map (Fig. 2a) were summed. The G-band peak height in the sum spectrum was determined as the total Raman counts for the whole map. The total number of cells in the mapping area was counted from the corresponding optical bright field image, and used to calculate an averaged Raman counts per cell, which was used to determine the relative protein level on cells after normalization of SWNT Raman scattering intensity factor (Electronic Supplementary Material Fig S2) . Raman scattering intensity factors of the various SWNT materials were determined empirically by normalizing suspension absorbances at the excitation wavelength (785 nm), and were linearly proportional to SWNT concentration, determined by UV-Vis-NIR absorbance.
Data analysis for five-color Raman imaging
To create a five-color image based upon relative scattering intensities, the spectra of five pure SWNT solutions (after background subtraction) at the same OD at 785 nm (Electronic Supplementary Material Fig. S2 ) were used for deconvolution of a background-subtracted, recorded spectrum, to obtain five Raman G peak components at each mapping site, thus accounting for the Raman scattering intensity factor of each SWNT material. The software generated relative Raman intensity values (the deconvoluted intensity divided by the input spectral intensity) of five colors at each pixel. A color scale was then assigned to each of the five peaks corresponding to the "percentage of the maximum" deconvoluted intensity of the entire image (100% represents the intensity of the strongest pixel among all 5 colors in an image).
Separate and overlaid five-color Raman images were then constructed. Isotopically-modified single-walled carbon nanotubes are synthesized and employed for biomedical Raman imaging. The five intense labels allow facile multiplexing in the near-infrared region, with minimal background interference. 
